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Some Evidence for Boundary Mixing in the Deep Ocean 
LAURENCE ARM! 
Woods Hole Oceanographic Institution , Woods Hole , Massachusetts 02543 
Profiles of sal inity and potential temperature in the deep ocean are presented which suggest the 
characteristic sign ature of two complementary mixing processes: vertical mixing within -50-m-thick 
layers at bounda ries and topographic features and late ral advection and eventual smearing of these mixed 
layers along iopycnal surfaces. The combined effect of these two processes IS often parametnca ll y 
disguised as a vertical eddy diffusivity in one-dimensional models . . An esl!mate shows that the two 
processes can acco unt for all the vertica l mixing in the deep ocean wJthout any vertical dJffus1on 1n the 
interior. 
INTROD UCTION 
Vertical distributions of water mass properties in the deep 
ocean are often not inconsistent with simple models involving 
a constant upward vertical velocity of - 1-4 em/ day and a 
constant vertical eddy diffusivity of -1 cm2/s (cf. Stommel, 
1958; Robinson and Stommel, 1959, Stommel and Arons, 1960; 
Munk , 1966]. A summary of these so-called ' thermocline' 
models has been given by Veronis [1969]. Recently, vertical 
eddy diffusivities have also been calculated by Sarmiento eta/. 
(1976] for the deep ocean by using a one-dimensional model 
which ignores horizontal transport, vertical advection , and 
horizontal mixing relative to vertical mixing. One result of 
such a model is the establishment of an apparent relationship 
between vertical eddy diffusion and the inverse buoya ncy gra-
dient. The magnitude of the diffusivities found by Sarmiento et 
al. ranges from 0.6 to 440 cm2/ s with typical values of about I 0 
cm2/ s. 
Munk [1966] has attempted to interpret the vertical eddy 
diffusivity from a variety of viewpoints: from mixing along the 
ocean boundaries, from thermodynamic and biological proc-
esses, and from internal tides. A preliminary attempt at mod-
eling vertical eddy diffusion along the lines proposed here, 
considering lateral circulation as well as boundary process , can 
be found in a note by Schiff [ 1966]. His model is a thermal 
convective flow in which strong horizontal flow occurs in thin 
layers close to the top and bottom. Unfortunately , his interior 
so lution is isothermal. 
In this paper, vertical profiles are presented which suggest 
that the existence of an apparent vertical, or in the context 
which follows , a cross-isopycnal eddy diffusivity, is the result 
of essentially two processes. The largest contribution to the 
cross-isopycnal mixing occurs within - 50- to 150-m-thick 
boundary mixed layers. The layers are then advected into the 
interior of the basin along their respective isopycnal surfaces. 
The signature of these layers is found near topographic fea-
tures , whereas far in the interior of the basin the distincti ve 
step structure is not as apparent. One is reminded of the 
arguments made by Iselin [ 1939], Montgomery [ 1938], and 
Rossby [ 1936] on the importance of the ro le of lateral turbu-
lence and isentropic mix ing for waters with surface character-
istics. For the deep ocean we are suggesting that a similar 
combination of mechanisms is dominant. The theoretical and 
experimental investigation of these effects has only begun, and 
these data should be viewed as being preliminary. 
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DATA 
The profiles of salinity and potential temperature were all 
made with a Woods Hole Oceanographic Institution 
(W.H .O.I.)/ Brown CTD microprofiler. The technical details, 
ca libration techniques, and measurement accuracies are de-
scribed and referenced by Armi and Millard [1976]. The com-
plete instrument package also included a rosette sampler, a 
bottom sense switch, an acoustic pinger, a transponder for 
locating the package close to current meter moorings, and the 
Geosecs nephelometer. The data were taken during recovery 
and redeployment of Polymode Array 2 in October 1976 from 
the R/ Y Knorr. In Figure I the locations of the profiles are 
shown by station number along with the !-day mean velocities 
measured at the deepest current meter ( 4000 m) near which the 
profiles were made (courtesy of W. Schmitz). Indicated by two 
concent ric circles are the profiles shown in the remaining fig-
ures of this paper. All profiles are available on request from 
the author. 
In Figures 2-7 profiles are shown of potential temperature 
(degrees Celsius), 0, and salinity S (per mil) versus pressure 
depth (decibars) . By using the same scale for potential temper-
ature as was used for the vertica l profiles, salin ity has also been 
plotted versus potential temperature as a superimposed 0-S 
scatter plot. The historical data of Worthington and Met calf 
[ 1961] are also included on these 0-S plots. Inspection of theO-
S scatter plots shows the water mass properties of various 
mixed layers found in the vertical profiles. These mixed layers 
appear as regions dense in points on the 0 versus S plots; for 
example, at station KN 60/ 9 (Figure 3) the - 150-m-thick 
nearly uniform mixed layer centered at 5320 dbar is repre-
sented by the dense region of points on the 0-S plot sur-
rounded by a circle. The calibration of these water properties 
was fixed relative to the historical data of Worthington and 
Metcalf [1961] as described by Fofono.ff et a/. (1974]. The 
potenti al temperature was laboratory calibrated, and the salin-
ity was assumed to be within ± 0.003%o of the salinity found by 
Worthington and M etcaif [ 1961] at a potential temperature of 
2.2°C. The instrument resolution is - O.OOI %o in salinity , 
0.0005°C in temperature, and 0.1 dbar in pressure [Fofono.ffet 
a/., 1974]. This digitizing resolution has been significantly im-
proved for the data shown in the figures by averaging over 
many points . On the 0 versus S plots each point is averaged 
over 15 data points; e.g. , the collection for the mixed layer 
centered at about 5320 dbar at KN 60/ 9 (Figure 3) represents 
about 5000 data samples. The mixed layer found at KN 60/ 9 
(Figu re 3) and the layers of warmer saltier water found be-
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Fig. I. Locations of CTD stations made in October 1976 on Knorr 60 cruise to recover and reset Po/ymode Array 2. The 
1-day averaged current speeds and directions fro m the day previous to each CTD lowering are indicated (courtesy of W. 
Schmitz ). The bouom profiles made at stations KN 60/ 4, 60/ 5, 60/7 , an d 60/ 9 are discussed in thi s paper and are ind ica ted 
by two concentr ic circ les on the chart. Topography is from Uchupi (1971] . 
neath colder fresher water at K N 60/ 5 shown in K N 60/ 5 
(Figure 7) are examples of anoma lous layers that can be seen 
from inspection of the superposed 8-S plots. We are not imme-
diately concerned with absolute deviations from the data of 
WorthingTon and Mel calf[l96l] shown in the figures; it is the 
relative deviations with which we will be concerned here. 
For KN 60/ 4 (Figure 2) an uncalibrated vertical profile of 
light scattering measured with the nephelometer in arbitrary 
Nephels units, Ne. is shown. Higher scattering is represented 
by a higher value of the arbitrary units: the signa l does not fall 
to zero where it is not shown : unfortunately, it dropped out of 
the range of the digitizer because of instrumental difficulties. 
DISCU SSION 
Layered sTruCTure. The profile taken at station KN 60/ 4 
(Figure 2) differs from most profiles on an abyssal plain . It 
does not exhibit uniform stratification above the bottom 
mixed layer as some of the profiles of Armi and Millard [1976, 
Figures I, 2b , 2c, and 4b] for the Hatteras Abyssa l Plain do. 
This profile should also be contrasted with the upper parts of 
the profiles shown at stations KN 60/ 9 (Figure 3) and KN 60/ 
7 (Figure 4) taken on the Sohm Abyssa l Plain. It is the clarity 
of the multiple-step structure at station KN 60/ 4 (Figure 2) 
which we wish to emphasize as being atypical. Each of the 
layers is nearly homogeneous to within ~0.002°C in potential 
temperature. As indicated on the 8-S scatter plot , none of the 
layers are anomalous in character in relation to one another. It 
ap pears as though an existing linear strat ifi cation has been 
mixed into layers. 
When this profile was taken, at the nearby 4000-m-depth 
current meter, a mean current of 30 cm/ s had persisted for 6 
days to the west. The profile was thus taken ~ 100 km down-
stream of the Corner Rise to the east. The layered structure 
could have formed as the water was in contact with the Corner 
Rise. In that case it is possible that we are seeing the approxi-
mately 3-day-old advected signature of bottom mixed layers 
formed at various depths on the Corner Ri se. 
Amri and Millard [1976] and Anni [1977] discuss prelimi-
nary ideas on the dynamics of bottom mixed layers. The 
vertical extension of these individual layers appears to be 
limited not by the turbulent Ekman layer sca le _but by a sca le 
set by the internal Froude number of the mixed layer. For a 
flat bottom the critical internal Froude number was found to 
be F ~ I. 7 and for sloping topography, F < I. 7. A typical layer 
100 m in height found at station KN 60/ 4 (Figure 2) could 
have been generated with a velocity near the bottom of ~ I 0-
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Fig . 2. Profile taken at station KN 60/ 4 (refer to . Figure I) dow n-
stream of the Corner Ri se. Shown a re potential tempera ture 8, salinity 
S. a nd light sca ttering N, versus pressure depth. Also superposed is a 
sca tter plot of potenti a l tempera ture ve rsus sa linity which includes the 
hi stor ical data of Worthington and Mercalf[1961] . The multiple layers 
a re due to advectio n of mi xed layers formed at th eir respect ive isopyc-
na l depth s o n the Corner Ri se. The wa ter mass in each layer has the 
sa me cha racterist ic as the backg round wa ter mass. Bo th down a nd up 
traces o f potenti a l temperature a nd li ght sca tt ering a re shown ; the up 
tr aces are dotted and o nly shown below 5200 dba r. Light scatte ring is 
show n increas ing to the left to emphas ize simil a rity with potential 
tempera ture a nd sa linity traces . 
30 cm/ s (refer to Figure 3b of Armi and Millard [1976]. This 
compares well with the velocity measured a t the location of 
profile KN 60/ 4 (Figure 2) and other velocities shown for the 
Sohm Abyssal Plain region in Figure I. The flow is thus 
energetic enough to have mixed these layers. As the flow 
moves by the Corner Rise, these layers presum ab ly detach an d 
are then ca rried into the interior. The layers a re disti nct at the 
location of sta tion KN 60/ 4 only 3-4 days down stream of the 
Corner Rise, I 00 km away. Simila r step structures are a lso 
evident in the nea r-surface 800-m depth profiles of Wunsch 
[ 1970, 1972 ]. He shows a systematic change in the temperature 
gradient as measured with a STD as the Bermuda Isla nds a re 
approached and suggests the possi bility th at the stirring mech-
anism is the breaking of internal waves. 
The profiles made as the package was both lowered and 
ra ised are shown for station KN 60/ 4 (Figure 2). The charac-
ter of the profile obtained as the package was raised was 
identica l, i.e., multiple layers were again found. However, as 
th e profiler got above the first bottom layer, the numbers and 
loca tion s of the layered structures were found to be different. 
For example, instead of the three-step structure found on the 
way down between 5300 and 5500 dba r, only two larger steps 
were found on the way up. In the approxim ately 20 min 
between crossing 5400 dbar on the way down and the sub-
seq uent crossing on the way up , advection of 30 cm/s can 
a lone acco unt for a Lagrangi an spa tial sepa ra tion of ~400 m. 
The structures found a few hundred meters abo ve the bottom 
have limited horizonta l extent. 
The included nephelometer shows th a t the light-scatteri ng 
profile has a structure nearly identical to th a t of the salinity 
a nd potential temperature profiles. The sma ll 1- to 2-.um pa rti-
cles, the co ncent ra tion of whi ch the nephelometer is most 
se nsitive to, have a very s low settling rate of ~ 10 m/ yr [cf. 
M cC ave , 197 5]. For the advect ive processes with which we a re 
dealing here they are essentially passive tracers. It appea rs as 
though the particul ate matter was a lso mixed , to form the 
va rious nepheloid layers seen , from a background gradient o f 
particulate matter just as the potenti a l temperature and salin-
ity were. If the material had been resuspended from the bot-
tom at the depth s on the Corner Rise where the mixed layers 
were formed , the concentration in each layer wo uld be a 
function of the amount o f loca lly resuspended materia l; in 
co ntrast, the co ncentrat io n appears predetermined by the 
bac kground gradient , and littl e loca l resuspension has oc-
curred. 
WaTer mass anomalies. Some profiles made a long 55°W 
show an a noma lo us water mass at a potential temperature 
between 1.80 a nd 1.8 1 °C. Thi s a nomaly is evident in the 
profile made a t sta tion KN 60/ 9 (Figure 3) as the 150-m-thick 
laye r sa ndwiched between the uniform stratification above and 
the botto m mixed layer below. This bottom layer and the 
stra t ificatio n a bove lie on a straight 8 versus S characteristic, 
pa rallel to the WorThingTon and MeT calf [ 1961] charac teri stic 
shown. The anomalous layer sandwiched between is ~0.00 15%o 
sa ltier th an the background water mass wo uld be at the 
same potential tempera ture of 1.8 1 °C. 
The a nomalous layer found a t sta tion K N 60/ 9 is seen at the 
sa me potential densi ty (CJ, = 45.96) as the bottom layer at 
sta tion KN 60/ 7 (Figure 4). The a nom aly is due to a higher 
co ncentra tion of water with Norwegian Sea wa ter character-
ist ics [ cf. WorThington, 1976]. Similar anom alo us water was 
seen in the Geosecs station 28 profile [Bainbridge et a/. , 1976] 
a t 39°0.0'N , 43 °59.0'W near the bo tto m of the subm a rine 
ca nyo n to the east. 
Recentl y, in August 1977, similar anomalous water was a lso 
found on a n R/ V Oceanus cruise a t station OC 31 / 1 (Figure 5) 
over the northern Hatteras Abyssa l Pl a in . The nephelometer 
used on thi s cruise was of a new type developed a t Woods 
H ole. It meas ured forw ard angle ( ~6-8 °) scattered light from 
a co llimated white light so urce. This profile, as well as those of 
Figure 6, was added to the paper because it illustra tes the 
persistence of the thin anom a lo us layer over large di stances 
and long times; at 31 °43 .8'N , 70°44.9'W, station OC 31 / 1 
was to the wes t of the area included in the map shown in 
Figure I. The profi le illu st ra tes th e usua l well-mixed bottom 
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Fig. 3. Profi le taken a t sta ti on K N 60/ 9 (refer to Figure I fo r locatio n a nd F igure 2 fo r explanat io n of sy m bo ls). T wo 
layers a re ev ident , a nd the bo ttom layer has the same 0-S characte ri stics as the backg ro un d water mass . The laye r above is 
a nomalo us a nd has the same in situ poten ti al densi ty as the bo ttom laye r fou nd a t station K N 60/7 (Fig ure 4 ). 
layer as well as many in trusions or advected fea tures defi ned 
by mid-water max im a in light scattering. Of particul ar im-
portance is the mid-water max imum at 5240 dbar. Th is water 
is anomalous in potenti a l temperature and sali nity (wa rm 
water is found beneath cold water); the potenti al temperature 
of this layer, 1.8 1 °C, is the same as it is fo r the anomalous 
layer- seen earlier a t stati on K N 60/ 9 (Figure 3 ). 
For compari son, sel ected profiles of potenti al temperature 
taken during different yea rs and separated by th ousands of 
kilometers over the western N orth Atl antic a re shown in Fig-
ure 6. The profi le o f G eosecs statio n 28 [Bainbridge et a/. , 
1976] shows the Norweg ian Sea overflow water at the bot to m 
near .the submari ne canyon at the northeastern end of the 
Sohm Abyssa l Pl ain . The remaining three profi les show a 
simila r anomaly over the central and southern Sohm Abyssa l 
Pl a in (KN 60/ 14 and KN 66/ 76) an d over the northern H at-
teras Abyssal Pl ai n (OC 31/ 1 and also Figure 5) . Th is anoma-
lous layer at ~ 1.8 1 °C is appa rently patchy; it is not always as 
vividl y ev ident as shown in the profi les included in Figure 6. 
Only profil es which illustra te the layer by a clear anomalo us 
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sign a l in potential temperature (warm water beneath colder 
water) were chosen. The press ure depth scales have been dis-
pl aced rela ti ve to each other to facilita te comparison. 
Even stronger a nomalies a re found in the deep water at the 
most northern sta tion along 55°W, station KN 60/ 5 (Figure 
7). These a nom alies a re a lso seen at stations further to the 
so uth , a lthough not as vividly . Anomalies found away from 
bounda ries within the deep ocea n a re presented here as evi-
dence for la teral advection by mesoscale eddies and the general 
circulation of the basin . Deep water mass sources do not 
appear to mix directly into the background water mass; in-
stead, a n a noma ly is advected a long its isopycnal surface. It is 
difficult in the absence of a n interior so urce of anomalous 
water to explain these anomalies except by late ral a dvection. 
Other acco unts of laminated structure include those by Stom-
me/ and Federov [ 1967], Gregg and Cox [I 972] , and Howe and 
Tail [1972] . It is believed tha t this is the first account of such a 
structu re in vo lving the Norwegian Sea water a noma ly. 
Latera l a dvection has been included in so me models which 
attempt to estimate vertical and horizontal eddy diffusiviti es. 
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Fig. 4. Profile tak en at sta ti o n KN 60/7 (refer to Figure I fo r location and Figure 2 fo r exp lanatio n o f symbo ls) . The 
bottom mixed laye r is a no ma lo us at thi s loca tio n and contai ns a higher concentratio n of wa ter with Norwegian Sea water 
ch aracte ri st ics than the background water mass a bove the layer. 
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beneath wid wa ter) : the potential temperatu re or this layer, 1.8 1 °C, is the sa me as it is for th e anoma lous la y~ r s~<:n at 
stati on K N 60/ 9 (Figu re 3 ). 
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Fig. 6. Se lected protlles of potentia l temperature fro m the western Nort h Atlantic. These profiles show Norwegia n 
Sea overn ow wa ter on the bottom at Geosecs station 28 [Bainbridge e1 a/ .. 1976] and as a thin ( ~ 20 111 thi ck) layer at the 
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Fig. 7. Profi le taken at statio n KN 60/ 5 (refer to Figure \. for loca ti on and Figure 2 for explana ti on of symbol s). Many 
anomalous laye rs a re shown of unk nown o rigin. but most lik ely th ey arc from the Norwegian Sea Basin. The profile is 
stable wit h rega rd to in situ potenti a l density, a lthough war m layers are fou nd beneat h colder water. The solid line on th e O-
S plot co nnects th e po ints as they li e on the ve rtica l prollle show n. · 
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Geosecs stations 66 and 78 [Bainbridge eta/. , 1976]) . They may 
be the advected signature of past mi xed layers once attached to 
the bottom. 
V ERT ICAL MI XING AS A COMB INATIO ; OF 
BO UNDAR Y MIXING AND ADVECTIO N 
Roo llr and Ostlund [ 1972]use an empiri ca l co rrel ati on bet ween 
tritium concentration and temperature in the main thermo-
cline to iso la te diffusi ve effects from advective effects. A l-
th ough Needier and H eath [1975] use a imple model whi ch 
includes advection by a constant velocity and three-dimen-
siona l diffu sion to obtain eddy diffusion coefficients for the 
Mediterranea n high-sa linity ton gue, th ey point out that the 
apparent vertical and horizontal diffusion seen is difficult to 
separate, using their type of analysis , from diffusion along 
isopycnal surfaces, since such diffusion may ap pea r as verti ca l 
diffusion when the surfaces are inclined . Also, Sarmien to eta/. 
(1976] found that only 13 of ap prox imately 25 profiles were 
suitable for their one-dimensional ana lys is. The remaining 
profiles were eliminated because o f perturbations such as inter-
medi ate radon max ima, which they suggest may be due to 
eddi es with a sca le comparable to the spac ing of the measure-
ments(> 10m), pu lses in the radon flux from the sediments, 
la teral diffusion of radon from nei ghboring topographic ter-
races, or bad data . Of these profiles with intermedi ate radon 
maxima, multiple-l ayer stru ct ure is o ften also indicated (cf. 
The above results suggest a ve rtical mi xing-advection model 
in which actual cross-i sopycnal mi xing takes place at bas in 
bound aries and topographic features. A si mpli fied conceptual 
sketch (Fig ure 8) illustrates boundary mixing of the continu-
ous stratification into layers and the subsequent advecti on 
and diffusion of these layers along isopycna l surfaces. 
Co nsider a circul ar basin surrounded by a boundary of 
slope a . Suppose that mi xed laye rs, each of app rox imate depth 
h ~ 50 m, form between density di scon tinuities, yielding a step 
st ru cture similar to that described above . The topographic 
sites for bo undary mi xing must be steep or tall enough such 
th at isopycnal surfaces actually intersect the topograph y, 
rather tha n simply defo rming to the topograp hic shape, for the 
proposed model to be ap plicab le. Although th e boundary 
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Fig. 8. Simplified sketch of boundary mixi ng of contin uo us stra tifi cat io n into laye rs and subsequen t transport of mixed 
layers into inte ri or of basin ei ther by a lo ng-isopycnal diffusion o r by ad vec ti o n. Bo tto m-generated turbulence d ue to 
motion of the water sti rs the background st ra ti ficat ion into laye rs (arrow a t right); it is sugges ted that layers of difTerent 
o ri gins a nd densities interleave as they decay and flatten to fo rm a nearl y uniform st ratifica ti o n agai n (a rrow a t left). 
mixing-advection model is illustrated in Figure 8 with a steep 
boundary, these processes may occur wherever isopycnals in-
tersect the bottom , even on a large fl at abyssal pl ai n over 
which there exist isopycn al slopes due to the mesoscale eddy 
field . The depth of each of the steps will be roughly controlled 
by a Froude number criterion F ~ I, as described by Armi and 
Millard [1976] and Armi [1977]. We take, for the estimate 
which fo ll ows, ~50 m as an average thi ck ness but note that the 
thickness of individual layers at any location will depend on 
the loca l velocity . 
The hori zo ntal extent of each layer ac ross iso baths is pre-
sumed to be the projection of each layer along the slope, i.e., 
~h/a. The extent of each layer along isobaths is unknown but 
is a lso presumabl y limited , as evidenced by the horizontal 
variability found at stati on KN 60/ 4 (Figure 2). We visualize 
the boundary mi xi ng process as fo rming many laminae each of 
approximately 50-m depth ; no individual lamina extends com-
pletely around the basin , a lthough at any point on the bound-
ary one is a lways present. 
We will estimate the vertical eddy diffusion within each layer 
at the boundary fol lowing Clauser [ 1956], i.e., 
K ~ ~u h 
ubound l5 * (I) 
where u* is the friction velocity 
(2) 
an d h is the height of the mixed layer; with a mean velocity, U 
~ I 0 cm / s, an d h ~ 50 m: K "oound ~ I 02 cm 2 / s. This estimate for 
the vertical eddy diffusivity at the boundary must be thought 
of only as a very rough estimate. In fact , Armi [1977] has 
pointed out that within the boundary mixed layer and above 
the Ekman layer scale, very littl e is known of the turbulence. 
We also ass ume that the horizontal or along-isopycnal ex-
change is rapid. We do not understand how the character of 
the indi vidual mi xed layers formed at the boundaries is lost in 
the interior. One possibility is that layers of different origins 
and densities interleave as they decay and flatten. With enough 
interleaving a nearly uniform stratification may resu lt. 
The vertical or cross-isopycnal mixing at the boundary must 
serve the entire basin . We will eq uate the vertical transport at 
the boundary with the total transport represented as total area 
times the 'average' flux . The ratio of the surface area along the 
boundary for the mixed layers bounding any isopycnal surface 
to the surface area within the considered circular basin of 
di ameter L is given by 
(3) 
The apparent, or 'average,' eddy diffusivity for the basi n, 
Ku.,, ,,,• is then given by 
(4) 
With typical values, e.g., L ~ 4 X 103 km , a= zt,;, and Ku •• ,,, ~ 
I cm2/ s, in agreement with the hi storical estimates [cf. Munk , 
1966] . 
CoNCLUSION 
Data have been presented here to suggest that turbulent 
mixing in the deep ocean is a two-part process: 
I. Vertical mixing at boundaries and topographic features 
occurs within fi nite laye rs. The vertical extent of the layers is 
limited by the stable background den si ty field and the veloci ty 
of the fl ow wh ich causes the boundary-generated shear and 
turbulence. 
2. The layers formed are advected along constant density 
surfaces into the interior and eventually lose their step charac-
ter. 
The combined effect of these two processes may be paramet-
rically disguised as a vertical eddy diffusivity in one-dimen-
sional models. A crude estimate shows that the two processes 
can acco unt for all the vertical eddy diffusion apparent in one-
dimensional model s. The actual mechanism is far from a 
simple one-dimensional process. It in vo lves complicated dy-
namics both at the boundary a nd in the interior about which 
we have much to learn. 
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